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Available online 23 February 2019Background: Several studies have reported changes in electrocardiographic variables after atrial septal defect
(ASD) closure. However no temporal electro-and vectorcardiographic changes have been described from acute
to long-term follow-up at different ages.We aimed to study electrical remodeling after percutaneous ASD closure
in pediatric and adult patients.
Methods: ECGs of 69 children and 75 adults (median age 6 [IQR 4–11] years and 45 [IQR 33–54] years, respec-
tively) were retrospectively selected before percutaneous ASD closure and at acute (1–7 days), intermediate
(4–14 weeks) and late (6–18 months) follow-up. Apart from electrocardiographic variables, spatial QRS-T
angle and ventricular gradient (VG) were derived from mathematically-synthesized vectorcardiograms.
Results: In both pediatric and adult patients, the heart rate decreased immediately post-closure, which persisted
to late follow-up. The P-wave amplitude also decreased acutely post-closure, but remained unchanged at later
follow-up. The PQ duration shortened immediately in children and at intermediate follow-up in adults. The
QRS duration and QTc interval decreased at intermediate-term follow-up in both children and adults. In both
groups the spatial QRS-T angle decreased at late follow-up. The VG magnitude increased at intermediate
follow-up in children and at late follow-up in adults, after an initial decrease in children.
Conclusion: In both pediatric and adult ASD patients, electrocardiographic changesmainly occurred directly after
ASD closure except for shortening of QRS duration and QTc interval, which occurred at later follow-up. Adults
also showed late changes in PQ duration. At 6-to-18 month post-closure, the spatial QRS-T angle decreased,
reﬂecting increased electrocardiographic concordance. The initial acute decrease in VG in children, which was
followed by a signiﬁcant increase, may be the effect of action potential duration dynamics directly after percuta-
neous ASD closure.ivisio
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The ostium secundum atrial septal defect (ASD) is one of the most
common congenital heart diseases and is deﬁned as an interatrialn of Pediatric Cardiology,
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s is an open access article underseptum defect at the site of the fossa ovalis, causing a left-to-right
shunt [1]. A hemodynamically signiﬁcant shunt causes volume overload
of the right atrium (RA), right ventricle (RV) and the pulmonary circu-
lation, and is, therefore, an indication for ASD closure, to prevent further
right-sided deterioration such as volume and/or pressure overload and
eventually heart failure [2]. Closing an ASD-based left-to-right shunt ini-
tiates both geometrical and electrical RA and RV remodeling [3,4], the
extent of which may depend on several factors including the patients'
age at closure and closure technique. Percutaneous ASD closure is cur-
rently the ﬁrst choice of treatment in selected cases, due to theminimal
invasiveness, and has proven to reduce morbidity and mortality similar
to surgical closure [1].the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Table 1
Baseline patient characteristics of the study cohort.
Children Adults
N = 69 N = 75
Demographics
Age, y 6 [4–11] 45 [33–54]
Male 26 (38%) 24 (32%)
Body mass index, kg/m2 16.2 [14.5–18.3] 26 [23–29]
Number of ECGs
Number of patients with an ECG before closure 69 (100%) 75 (100%)
Number of patients with an ECG at acute follow-up 69 (100%) 74 (99%)
Number of patients with an ECG at intermediate
follow-up
32 (46%) 56 (75%)
Number of patients with an ECG at late follow-up 20 (29%) 49 (65%)
Clinical history
Chromosomal disorder 4 (6%) 0 (0%)
Down syndrome 1 (1%) 0 (0%)
Turner 1 (1%) 0 (0%)
22q11 deletion 1 (1%) 0 (0%)
Smith-Lemli-Opitz syndrome 1 (1%) 0 (0%)
Paroxysmal atrial ﬁbrillation 0 (0%) 14 (19%)
Medication
Antiarrhythmica (β-blockers) 0 (0%) 5 (6.7%)
QT-prolongating drugs (methylphenidate) 1 (1.4%) 0 (0%)
ASD-related characteristic
Occluder size 14 [12–18] 22 [17–26]
Data are presented as median [25th–75th percentile] or frequency (%).
33V.P. Kamphuis et al. / International Journal of Cardiology 285 (2019) 32–39The electrocardiogram (ECG) is the standard tool to visualize cardiac
electrical activity, and after ASD closure it can show potential complica-
tions like atrial arrhythmias [2], as well as the electrical reverse remod-
eling at several post-procedural time points. The latter gives insight into
the long-term process of reverse remodeling, in which a distinction is
made between acute and late effects of ASD closure. The standard
12‑lead ECG only allows for scalar, one-dimensional, visualization of
the electrical currents in the heart. The vectorcardiogram (VCG), how-
ever, offers several advantages over the 12‑lead ECG. Firstly, the lead
vectors of the X-, Y- and Z‑lead assume the directions of the main ana-
tomical axes of the body. Furthermore, the sensitivities of these X-, Y-
and Z‑lead are equal. Lastly, by displaying the instantaneous electrical
heart activity (represented as the heart vector) in three-dimensional
(3D) space, the phase-relationships between the X-, Y- and Z‑leads be-
come apparent [5]. Historically, the VCGwas recorded directly with the
Frank VCG system; currently, conversion of a 12‑lead ECG to a VCG by
mathematical transformation (using the inverse Dower or Kors matrix
[6]) is the standard. Two vectorcardiographic variables in particular
have recently gained interest: the ventricular gradient (VG), which
has been shown useful in the detection of RV pressure overload [7],
and the spatial QRS-T angle, which has shown prognostic value in the
prediction of sudden cardiac death [8].
Several studies have reported changes in ECG variables after ASD
closure [3,9–12], however no temporal ECG and VCG changes have
been described from acute to long-term follow-up at different ages.
Hence, the objective of this study was to assess acute, intermediate
and late electrical remodeling in terms of ECG and VCG changes after
ASD closure in both children and adults.
2. Materials and methods
2.1. Study design and population
In this multicenter retrospective cohort study, all patients with an ASD who were re-
ferred to the Center for Congenital Heart Disease Amsterdam Leiden (CAHAL) for percuta-
neous ASD closure in a period of 13months (2016–2017)were screened. The study cohort
comprised of pediatric (age 0–17 years) and adult patients (age ≥ 18 years) who had a
12‑lead ECG in sinus rhythm maximally 14 weeks before successful ASD closure and at
acute (1–7 days) or intermediate (4–14 weeks) follow-up after closure. Additionally,
when available in these patients, ECGs that were made late (6–18 months) after closure
were also assessed. All the included ECGs were made as part of routine clinical follow-
up. Baseline patient characteristics, clinical history and medication were collected from
medical records. The Medical Ethics Committee provided a statement of no objection for
obtaining and publishing the anonymized data.
2.2. ASD closure
Percutaneous ASD closure was performed conform current guidelines, in which ASD
closure is indicated in the presence of hemodynamically signiﬁcant left-to-right shunting
with pulmonary vascular resistance b5 Woods units (Class I, level B) [2]. Patients
underwent general anesthesia and an Amplatzer Septal Occluder (Abbott Vascular Inc.,
Santa Clara, CA, USA) of appropriate size was implanted under transesophageal echocar-
diographic guidance.
2.3. ECG/VCG processing
All ECGsmade in the LeidenUniversityMedical Center, Leiden, TheNetherlands, were
recorded with ELI 250 and 350 electrocardiographs (Mortara Instrument, Milwaukee,
USA) with a sampling rate of 1000 samples per second. The ECGs made in The Academic
Medical Center Amsterdam, The Netherlands, were recorded with MAC5500 electrocar-
diographs (GE Healthcare, Milwaukee, USA) with sampling rates of 250 or 500 samples
per second. All ECG and VCGmeasurements were performedwith the Modular ECG Anal-
ysis System (MEANS) [13], which has been evaluated extensively, both by its developers
and by others [14,15]. For each lead, MEANS performs baseline correction, removes
main interference, and computes a representative averaged beat after excluding ectopic
beats. MEANS determines global ﬁducial points in the averaged beats of all 12 leads to-
gether, resulting in an overall P-wave onset, P-wave offset, QRS complex onset and offset,
and T-wave offset. The following ECG variables were assessed: heart rate, P-wave ampli-
tude in lead II, P-wave duration, PQ duration, QRS duration and the QT interval, corrected
with Bazett's formula (QTc).
The X-, Y- and Z leads of the VCGswere synthesized from the ECGs by the Kors trans-
formation matrix [6]. For the directions of the X-, Y- and Z axes and the spatial vector ori-
entation (azimuth, elevation), the AmericanHeart Association VCG standardwas followed
[16]. From the VCG, the spatial QRS-T angle was computed as the spatial angle betweenthe QRS-and T-integral vectors. Also, the azimuth, elevation and magnitude of the VG
(vectorial sum of the QRS and the T integrals) were assessed, as well as its components
in the X-, Y- and Z-direction (VGx, VGy and VGz).2.4. Statistical analysis
Statistical analysis was performed in SPSS v.23 (IBM, Armonk, NY, USA). Quantitative
data are presented as median [25th–75th percentile] with minimum and maximumwhere
relevant for continuous variables, and as frequencies (percentages) for categorical variables.
Comparisons between ECG- andVCGparameters at different time points (i.e. acute, interme-
diate and late follow-up) included one ECG/VGGper time interval andwere performedusing
theWilcoxon signed-rank test. Correlations between ECG/VCG-parameters and patient char-
acteristics were tested using the Spearman correlation. A P-value b 0.05 was considered sta-
tistically signiﬁcant.3. Results
In total, 168 patients were screened (75 children and 93 adults), of
which 144 patients met the inclusion criteria (69 children and 75
adults). Baseline characteristics, stratiﬁed into pediatric and adult
groups, are shown in Table 1. Not all patients had an ECG at all four
time points; absolute numbers are shown in Table 1. Median age of
children was 6 years [4–11 years] (range 5 months–17 years) and of
adults 45 years [33–54 years] (range 18–79 years). Fourteen adults
(19%) had paroxysmal atrial ﬁbrillation.3.1. ECG changes after ASD closure in children
ECG variables of the pediatric patients at different time intervals are
shown in Table 2. In children, heart rate signiﬁcantly decreased acutely
after ASD closure, which became most evident at late follow-up. The P-
wave amplitude in lead II showed a signiﬁcant decrease in the acute pe-
riod after closure; however, later follow-up showed no signiﬁcant
changes compared to baseline. P-wave duration did not change at
post-procedural follow-up. The PQ duration, however, showed a signif-
icant decrease from baseline to acute and intermediate follow-up. Com-
pared to the baseline ECG, the QRS duration, as well as the QTc interval,
were shorter at intermediate-term follow-up.
Table 2
ECG and VCG results at baseline and post ASD closure.
Baseline Acute P-value Intermediate P-value Late P-value
Max−14 w +1–7 d Baseline-acute +4–14 w Baseline-intermediate +6–18 m Baseline-late
ECG results
Children
Heart rate, bpm 94 [83–109] 91 [82–102] 0.01 92 [75–102] 0.005 82 [71–92] 0.001
P-wave amplitude in lead II, mV 0.13 [0.11–0.18] 0.11 [0.09–0.15] b0.001 0.14 [0.12–0.19] 0.51 0.12 [0.08–0.18] 0.55
P-wave duration, ms 94 [92–100] 94 [90–100] 0.24 94 [88–99] 0.08 96 [92–106] 0.24
PQ duration, ms 139 [132–152] 134 [128–148] 0.007 132 [124–149] b0.001 138 [128–160] 0.52
QRS duration, ms 90 [81–100] 88 [81–97] 0.05 89 [77–98] b0.001 89 [80–96] 0.06
QTc interval, ms 433 [422–449] 431 [422–447] 0.19 429 [420–440] 0.02 424 [410–448] 0.15
Adults
Heart rate, bpm 72 [61–81] 67 [59–78] b0.001 65 [58–76] 0.01 65 [56–74] b0.001
P-wave amplitude in lead II, mV 0.15 [0.10–0.16] 0.11 [0.08–0.14] b0.001 0.13 [0.10–0.16] 0.07 0.14 [0.11–0.17] 0.63
P-wave duration, ms 115 [106–125] 114 [104–126] 0.63 112 [102–123] 0.20 113 [104–124] 0.11
PQ duration, ms 163 [150–184] 162 [148–185] 0.62 157 [144–172] 0.01 106 [94–116] 0.009
QRS duration, ms 106 [94–116] 108 [94–118] 0.46 101 [91–112] 0.004 102 [92–109] b0.001
QTc interval, ms 432 [414–451] 433 [416–449] 0.20 418 [407–441] 0.005 417 [404–435] b0.001
VCG results
Children
Spatial QRST angle, ° 52 [30–84] 58 [26–81] 0.05 38 [24–77] 0.44 39 [19–56] 0.002
VG magnitude, mV∙ms 63 [48–76] 55 [42–70] b0.001 78 [64–103] 0.01 83 [68–107] 0.007
VG azimuth, ° −1 [−17–7] 0 [−21−13] 0.69 5 [−6–18] 0.006 1 [−11–18] 0.16
VG elevation, ° 39 [34–45] 37 [32–44] 0.71 38 [30–45] 0.16 39 [33–45] 0.96
VGx, mV∙ms 44 [35–58] 37 [28–52] b0.001 60 [45–74] 0.001 62 [49–78] 0.048
VGy, mV∙ms 39 [29–51] 32 [23–44] 0.001 44 [34–63] 0.23 58 [38–75] 0.02
VGz, mV∙ms −1 [−15–5] 0 [−15–9] 0.17 4 [−7–17] 0.007 1 [−12−21] 0.03
Adults
Spatial QRS-T angle, ° 42 [21–82] 38 [22–70] 0.79 30 [17–45] 0.39 36 [20–48] 0.001
VG magnitude, mV∙ms 66 [45–86] 63 [37–89] 0.32 75 [50–94] 0.08 70 [56–89] 0.001
VG azimuth, ° −12 [−26–0] −15 [−24 to−3] 0.70 −7 [−17–3] b0.001 −8 [−24–1] 0.48
VG elevation, ° 39 [32–47] 36 [29–41] b0.001 37 [31–44] 0.07 38 [29–45] 0.65
VGx, mV∙ms 44 [28–60] 50 [22–68] 0.43 55 [38–72] 0.01 52 [38–71] 0.001
VGy, mV∙ms 38 [24–54] 33 [22–45] b0.001 43 [26–61] 0.23 42 [27–60] 0.002
VGz, mV∙ms −9 [−20−0] −12 [−24 to−2] 0.90 −7 [−22−3] 0.006 −8 [−26–1] 0.062
Data are presented as median [25th–75th percentile].
d = days; w = weeks; m =months.
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ECG variables of the adult patients are shown in Table 2 at the differ-
ent time intervals. In this age group, the heart rate also decreased signif-
icantly acutely after intervention. The P-wave amplitude in lead II
showed an acute signiﬁcant decrease, while late effects of ASD closure
were not seen. P-wave duration did not change at post-procedural
follow-up. However, the PQ duration shortened from baseline to inter-
mediate and late follow-up. Compared to the baseline ECG, QRS dura-
tion and the QTc-interval shortened signiﬁcantly at intermediate-term
and late follow-up.3.3. VCG changes after ASD closure in children
The VCG parameters of pediatric patients are shown in Table 2 for
the different time points. The spatial QRS-T angle remained equal at
acute and intermediate post-procedural follow-up, but showed a signif-
icant decrease at late follow-up. Compared to baseline, VG magnitude
signiﬁcantly decreased acutely after closure, however signiﬁcantly in-
creased at intermediate and late follow-up. VG azimuth showed a sig-
niﬁcant change at intermediate follow-up. VG elevation showed no
signiﬁcant changes at follow-up compared to baseline. Fig. 1 shows
the spatial median VG changes and the changes projected in each of
the three standard planes in the group of pediatric patients. The X-, Y-
and Z components of the VG in the pediatric group are shown in
Table 2. The VGx ﬁrst showed an acute decrease compared to baseline,
after which the VGx increased at intermediate and late follow-up. Simi-
larly, the VGyalso showed an acute decrease compared to baseline,
followed by an increase at late follow-up. The VGz showed a signiﬁcant
increase at intermediate follow-up and late follow-up.3.4. VCG changes after ASD closure in adults
The VCG parameters of the adult patients at different time intervals
are shown in Table 2. The spatial QRS-T angle remained equal at acute
and intermediate post-procedural follow-up, but showed a signiﬁcant
decrease at late follow-up. Compared to baseline, VG magnitude signiﬁ-
cantly increased at late follow-up. VG azimuth showed a signiﬁcant
change at intermediate follow-up. VG elevation showed an acute de-
crease but no signiﬁcant changes compared to baseline at intermediate
and late follow-up. Fig. 2 shows the spatial median VG changes and the
changes projected in each of the three standard planes in the adult pa-
tients. The X-, Y- and Z-coordinates of the VG in the adult group are
also shown in Table 2. The VGx showed an increase at intermediate
and late follow-up compared to baseline. The VGy ﬁrst showed an
acute decrease compared to baseline, after which the VGy increased
again at late follow-up. The VGz shows a signiﬁcant increase at interme-
diate follow-up.3.5. ECG/VCG parameters in patients with paroxysmal atrial ﬁbrillation
Out of the total study cohort, 14 adults (19%) had paroxysmal
atrial ﬁbrillation with sinus rhythm at the time of ECG acquisition.
Appendix Table 1 shows the ECG and VCG changes according to pres-
ence of paroxysmal atrial ﬁbrillation. In patients with paroxysmal
atrial ﬁbrillation, P-wave amplitude decreased acutely, but there
were no changes in P-wave duration and PQ duration during
follow-up. Furthermore, QRS duration decreased at intermediate
follow-up and late follow-up and QTc duration decreased at late
follow-up. Regarding VCG changes, the spatial QRS-T angle de-
creased at intermediate follow-up in patients with paroxysmal atrial
Fig. 1. Spatial changes of the median ventricular gradient in the pediatric patients. A) Three-dimensional (3D) view of the VG changes. B) Frontal view. C) Transversal view. D) Sagittal
view. In all images the black line represents the baseline measurement, the blue line represents the early changes, the purple line represents the intermediate changes, and the green
line represents the late changes.
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intermediate follow-up, but did not change at late follow-up.
4. Discussion
In the present study, the acute, intermediate and late electrical re-
modeling in terms of ECG and VCG changes after percutaneous ASD clo-
sure in children and adults was assessed. Themain ﬁndings of the study
are: 1) ASD closure was followed by a decrease in heart rate, P-wave
amplitude, PQ duration, QRS duration and QTc interval in both children
and adults. Except for the late QRS duration and QTc interval changes,
most changes occurred directly after device closure. 2) The spatial
QRS-T angle signiﬁcantly decreased at late follow-up in both children
and adults. 3) VG magnitude increased at intermediate follow-up in
children and at late follow-up in adults, after an initial decrease in chil-
dren; the VG direction change was most apparent in the less negative
azimuth at intermediate follow-up in both groups; and VG elevation di-
rectly decreased in the adult group but did not change during follow-up
in the pediatric group.4.1. Mechanisms of ECG changes after percutaneous ASD closure
Right-sided volume overload due to atrial left-to-right shunting
leads to both atrial and ventricular stretch which may cause changes
in the 12‑lead ECG [4,17] due to mechano-electrical coupling. RA dilata-
tion, for example, may result in increased P-wave amplitude as well as
prolonged P-wave duration and increased P-wave dispersion due to de-
layed atrial conduction, which are all useful markers in the prediction of
atrial arrhythmias [3,12]. RV dilatation may result in QRS-duration pro-
longation, right bundle branch block and crochetage (a notch near the
apex of the R-wave in the inferior limb leads [18]). Recently, it has
been shown that RV volume overload can cause QTc–interval prolonga-
tion in ASD patients [11]. Successful ASD-closure should correct the
right-sided volume overload within 24 h, initiating geometric remodel-
ing of the right atrium and ventricle, which continues up to 6–8 weeks
following percutaneous ASD closure [4,19]. Indeed, multiple studies re-
ported electrical remodeling after percutaneous ASD closure [3,9–12].
The present study showed a direct decrease in heart rate after ASD clo-
sure in both children and adults,with amaintained decrease on the long
Fig. 2. Spatial changes of themedian ventricular gradient in the adult patients. A) Three-dimensional (3D) viewof the VG changes. B) Frontal view. C) Transversal view. D) Sagittal view. In
all images the black line represents the baseline measurement, the blue line represents the early changes, the purple line represents the intermediate changes, and the green line
represents the late changes.
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this heart rate decrease: deactivation of the Bainbridge reﬂex [20] and
a decreased stretching of the pacemaking tissue in the sinus node [21].
Heart rate lowering via deactivation of the Bainbridge reﬂex after ASD
can be expected on the basis of deactivation of the stretch receptors at
the junction of the vena cava and the right atrium. This will lead to de-
creased afferent neural trafﬁc via ﬁbers in the vagus nerve that project
on themedulla. As a consequence, the reﬂex-induced inhibition of para-
sympathetic outﬂow to the sinus nodewill be decreased, and the reﬂex-
induced enhancement of sympathetic outﬂow to the sinus node will be
reduced, thus causing a slowing of the heart rate. Furthermore, RA di-
mensions decrease. Since stretching of the sinus node tissue causes an
increased intrinsic pacemaking rate, such decrease in RA size will have
also contributed to the observed decrease in heart rate.
In addition, the present study showed an acute decrease in P-wave
amplitude in both groups,which is in linewith theﬁndings of a previous
study done byGrignani et al. [3] They observed an even further decrease
in P-wave amplitude at their long-term follow-up of 45 ± 33 months
post-closure, suggesting continuation of atrial remodeling over several
years. In contrast to other studies [3,10], the present study did notshow a decrease in P-wave duration. We did ﬁnd signiﬁcant PQ-
duration decrease directly after intervention in the pediatric group,
and at intermediate follow-up in the adult group. The largest change
in PQ duration was seen at late follow-up in the adult group, suggesting
that even late after ASD closure atrial remodeling takes place. The latter
does not count for patients with paroxysmal atrial ﬁbrillation, in whom
PQ duration did not change during follow-up (see Appendix Table 1).
Similar to previous studies [3,10,11], our results support the ﬁnding
that ventricular electrical remodeling as reﬂected by QRS duration on
the 12‑lead ECG does not take place on the short-term after ASD closure,
despite clear RV geometrical remodeling within one-month post-closure
reported byVeldtmanet al. [19]Our results showed thatQRSdurationde-
creased at intermediate follow-up in both groups. While the presented
slight change is clinically irrelevant, itmay reﬂect ventricular electrical re-
modeling later after ASD closure. A recent study by Rucklova et al. [11]
suggested that RV volume overload in ASDs is associated with prolonged
repolarization. In their study it was shown that QTc-interval was signiﬁ-
cantly shorter at 6 months after ASD closure. In the present study we ob-
served that the QTc-interval numerically shortens from the fourth week
post-closure onwards, both in adults and children.
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In the current study, we have approached the dynamics in the VCG
by measuring two general vectorcardiographic properties, the VG and
the spatial QRS-T angle. The VG reﬂects the integrated action potential
duration (APD) inhomogeneity in the heart [5,22]. As such it is subject
to cancellation and the magnitude and direction of the VG in a person
expresses asymmetric inhomogeneity. Between individuals with nor-
mal hearts, the magnitude and direction of the VG varies considerably
[23]. For this reason, individual trends in the VG are more informative
than the overall VG value. In general, we may expect that any form of
electrical remodeling in the heart is reﬂected in a change in the VG.
In an earlier study, the relation between the VG and RV pressure
overload in patients with suspected pulmonary hypertension was
shown [7]. VG changes were explained by different APD dynamics be-
tween subendocardial and epicardial myocytes as a result of RV pres-
sure overload [24,25]. The hearts of ASD patients are characterized by
RV volume overload rather than RV pressure overload. The RV volume
overload in ASD patients results in APD prolongation in the RV epicar-
dium [26]. Because successful ASD closure eliminates the volume over-
load [19], we expect normalization of the APD prolongation and
therefore a change in the VG. In the current study, median VG magni-
tude was 63 [48–76] mV*ms in children before ASD closure, which is
similar to the mean normal VG at 6.5 years of 69 mV*ms (2nd and
98th percentile: 24, 128) [27]. In adults, the VG magnitude before ASD
closure was 66 [45–86], which is in the normal range for adults [23].
In children the VG magnitude showed an acute decrease, after which
it increased again at intermediate follow-up. In adults theVGmagnitude
increased at late follow-up. A change in VG directionwasmost apparent
in the azimuth becoming less negative at intermediate follow-up in
both groups, while elevation decreased directly post-closure in the pe-
diatric group but did not change during follow-up in the adult group.
In our previous study on RV pressure overload [7], a preferential direc-
tion of the VG was found in which the VG changed with increasing
pulmonary artery pressure. In the current study, however, we were
not able to ﬁnd a preferential direction in which the VG changed with
decreasing RV volume overload due to successful ASD closure. The spa-
tial QRS-T angle is the angle between the QRS axis and the T axis [5]. As
such it can be considered a measure of concordance/discordance of the
ECG: a small QRS-T angle represents a concordant ECG in which the
QRS-complex and T-wave polarities assume the same values in most
ECG‑leads, whereas a large, obtuse, QRS-T angle represents a discordant
ECG in which the QRS-complex and T-wave polarities assume opposite
values in most ECG‑leads. Generally, wemay expect that changes in the
QRS-complex or T-wave morphology always imply a change in the QRS
and T axes, and, consequently, a change in the QRS-T angle. In many
cases, an increase in the QRS-T angle is expected to represent a worsen-
ing condition. A larger spatial QRS-T angle has been linked to sudden
cardiac death after acute coronary syndromes [28] and overallmortality
in a general population [8]. Our study group included children of differ-
ent ageswith amedian of 6 [4–11] years. Before closure of the ASD,me-
dian QRS-T angle was 52 [30–84]° in the children, which is larger thanAppendix Table 1
Subgroup analysis of adult patients with and without paroxysmal atrial ﬁbrillation (n = 14 vs
Baseline Acute P
Max−14 w +1–7 d B
ECG results
Adults with paroxysmal atrial ﬁbrillation
Heart rate, bpm 65 [61–75] 66 [61–73] 0
P-wave amplitude in lead II, mV 0.14 [0.08–0.17] 0.10 [0.07–0.12] 0
P-wave duration, ms 118 [109–133] 126 [111−133] 0
Appendix Athe mean normal QRS-T angle in children of 6.5 years of 20° but still
within the normal range (2th and 98th percentile: 2, 85°) [27]. In the
adult group the QRS-T angle was 42°, which is in the normal range for
adults [23]. In both groups, the spatial QRS-T angle signiﬁcantly
decreased at late follow-up. This most likely reﬂects ventricular
electrical remodeling occurring relatively late after ASD closure. Thus
far, there are no data to suggest that a decrease in QRS-T angle also im-
plies a lower risk of sudden death, arrhythmia or mortality in ASD
patients.
4.3. Limitations
This study had several limitations. Not all patients had an ECG at all
four time points and the study group consisted of a relatively small
number of patients; hence, further studies with larger and more
homogeneous patient groups and more complete ECG data are needed
to conﬁrm our ﬁndings. Also, this study only targeted ECG and VCG
measurements and did not focus on accompanying hemodynamic and
morphological data to correlate electrical and structural reverse remod-
eling. Finally, the ECG data in the current study consists of a mix of ECGs
with sampling rates of 250, 500 and 1000 samples per second. However,
because the studied QRS-T angle and the VG are computed fromECG in-
tegrals, it is unlikely that differences in sampling rate have conse-
quences for the VCG ﬁndings in this study.
5. Conclusions
Successful percutaneous atrial septal defect closure was followed by
a decrease in heart rate, P-wave amplitude, PQ duration, QRS duration
and QTc interval in both children and adults. Changes mostly occurred
directly after ASD closure except for QRS duration and QTc interval
changes, which occurred later. Most of these electrocardiographic
changes remained limited. The changes in the vectorcardiographic spa-
tial QRS-T angle reﬂect increasing concordance of the electrocardio-
gram, which can be interpreted as partly normalization of the
electrical properties of the heart. The ventricular gradient showed
changes which can be seen as a result of action potential duration dy-
namics after atrial septal defect closure.
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interest.. n = 61).
-value Intermediate P-value Late P-value
aseline-acute +4–14 w Baseline-
intermediate
+6–18 m Baseline-late
.29 63 [56–74] 0.12 69 [49–74] 0.26
.004 0.11 [0.07–0.16] 0.39 0.15 [0.10–0.17] 0.61
.18 123 [101–135] 0.44 122 [106–144] 1.00
(continued on next page)
Appendix Table 1 (continued)
Baseline Acute P-value Intermediate P-value Late P-value
Max−14 w +1–7 d Baseline-acute +4–14 w Baseline-
intermediate
+6–18 m Baseline-late
PQ duration, ms 178 [162–195] 168 [157–204] 0.81 172 [156–194] 0.11 164 [152–184] 0.17
QRS duration, ms 109 [102–117] 113 [98–119] 0.53 108 [102–114] 0.04 101 [92–111] 0.02
QTc interval, ms 440 [424–460] 439 [415–451] 0.23 417 [409–469] 0.21 428 [409–438] 0.04
Adults without paroxysmal atrial ﬁbrillation
Heart rate, bpm 75 [61–84] 67 [58–78] b0.001 65 [59–77] 0.04 65 [57–75 b0.001
P-wave amplitude in lead II, mV 0.15 [0.10–0.16] 0.11 [0.08–0.15] b0.001 0.13 [0.11–0.15] 0.17 0.14 [0.12–0.17] 0.72
P-wave duration, ms 114 [105–124] 113 [104–124] 0.30 112 [102−122] 0.29 112 [104–122] 0.08
PQ duration, ms 160 [146–177] 162 [146–183] 0.64 150 [142–172] 0.05 156 [141–172] 0.02
QRS duration, ms 106 [93–116] 107 [93–116] 0.62 98 [89–111] 0.02 102 [92–109] b0.001
QTc interval, ms 431 [413–451] 431 [416–447] 0.37 418 [407–440] 0.01 416 [403–431] 0.001
Adults whole group
Heart rate, bpm 72 [61–81] 67 [59–78] b0.001 65 [58–76] 0.01 65 [56–74] b0.001
P-wave amplitude in lead II, mV 0.15 [0.10–0.16] 0.11 [0.08–0.14] b0.001 0.13 [0.10–0.16] 0.07 0.14 [0.11–0.17] 0.63
P-wave duration, ms 115 [106–125] 114 [104–126] 0.63 112 [102−123] 0.20 113 [104–124] 0.11
PQ duration, ms 163 [150–184] 162 [148–185] 0.62 157 [144–172] 0.01 106 [94–116] 0.009
QRS duration, ms 106 [94–116] 108 [94–118] 0.46 101 [91–112] 0.004 102 [92–109] b0.001
QTc interval, ms 432 [414–451] 433 [416–449] 0.20 418 [407–441] 0.005 417 [404–435] b0.001
VCG results
Adults with paroxysmal atrial ﬁbrillation
Spatial QRS-T angle, ° 65 [54–112] 70 [52–114] 0.59 45 [16–62] 0.04 41 [14–59] 0.16
VG magnitude, mV∙ms 52 [29–78] 48 [27–66] 0.16 74 [44–92] 0.02 71 [60–154] 0.09
VG azimuth, ° −16 [−33−3] −18 [−28–22] 0.42 −2 [−17–12] 0.01 −18 [−27–0.5] 0.26
VG elevation, ° 36 [29–55] 33 [24–42] 0.13 28 [23–37] 0.05 31 [23–41] 1.00
Adults without paroxysmal atrial ﬁbrillation
Spatial QRS-T angle, ° 34 [20–77] 31 [21–56] 0.22 28 [18–42] 0.03 36 [22–48] 0.01
VG magnitude, mV∙ms 68 [46–87] 68 [40–91] 0.69 75 [50–96] 0.53 70 [56–85] 0.004
VG azimuth, ° −12 [−25 to−2] −15 [−25 to−3] 0.34 −9 [−18–0.5] 0.004 −7 [−23−2] 0.11
VG elevation, ° 40 [33–47] 37 [29–41] b0.001 37 [34–44] 0.39 39 [32–45] 0.68
Adults whole group
Spatial QRS-T angle, ° 42 [21–82] 38 [22–70] 0.79 30 [17–45] 0.39 36 [20–48] 0.001
VG magnitude, mV∙ms 66 [45–86] 63 [37–89] 0.32 75 [50–94] 0.08 70 [56–89] 0.001
VG azimuth, ° −12 [−26–0] −15 [−24 to−3] 0.70 −7 [−17–3] b0.001 −8 [−24–1] 0.48
VG elevation, ° 39 [32–47] 36 [29–41] b0.001 37 [31–44] 0.07 38 [29–45] 0.65
Data are presented as median [25th–75th percentile].
d = days; w = weeks; m =months.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.02.020.
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